Introduction
============

Hepatocellular carcinoma (HCC) is a prevalent type of cancer worldwide, with \>600,000 individuals succumbing to the disease each year ([@b1-ol-0-0-4601]). In China, HCC exhibits an incidence of 30.3 cases per 100,000 individuals ([@b2-ol-0-0-4601]). Similar to other solid tumors, the main curative therapy for HCC is surgery, which generally is only successful if the cancer is diagnosed at an early stage ([@b3-ol-0-0-4601]). The conventional chemotherapies and radiotherapies used to treat advanced or late-stage HCC tumors, despite being reasonably effective, have also demonstrated various side effects, including hepatotoxicity ([@b4-ol-0-0-4601]) and hematotoxicity ([@b5-ol-0-0-4601]), and only a small percentage of patients may have the chance to undergo surgery for radical therapy, which complicates the safe administration of systemic therapy.

Numerous types of cancer cells and microorganisms have relatively more anionic phospholipids in the outer layer of their external membrane compared with normal eukaryotic cells. Several studies have demonstrated that certain antimicrobial peptides (AMPs) are more cytotoxic against transformed cells than against non-transformed cells ([@b6-ol-0-0-4601],[@b7-ol-0-0-4601]). In addition, certain AMPs, when administered locally to solid tumors, exhibit anticancer activity ([@b8-ol-0-0-4601]). The cecropins, which were first isolated by Boman *et al* ([@b9-ol-0-0-4601]) from *Hyalophora cecropia* pupae ([@b9-ol-0-0-4601],[@b10-ol-0-0-4601]), are a family of AMPs. To date, \>20 types of cecropins have been identified, some of which have been reported to possess antitumor activities against various cancer cells, including bladder cancer ([@b11-ol-0-0-4601]), HCC ([@b12-ol-0-0-4601]), gastric carcinoma ([@b13-ol-0-0-4601]), fibrosarcoma ([@b14-ol-0-0-4601]) and leukemia cells ([@b15-ol-0-0-4601]). The mechanisms of action of cecropins against prokaryotic cells have been widely investigated ([@b16-ol-0-0-4601]). Cecropins exert their cytolytic activity by folding into an amphipathic helix, following selective binding and insertion into the target membrane, leading to the breakdown of the membrane structure, thus causing leakage of the cell contents and resulting in cell death ([@b17-ol-0-0-4601]). In eukaryotic cells, cecropins target non-polar lipid cell membranes, whereby they form transmembrane channels, which leads to irreversible cytolysis and eventually cell death ([@b18-ol-0-0-4601]). In addition, certain cecropins translocate spontaneously across eukaryotic membranes into the cytoplasm, whereby they depolarize inner mitochondrial membranes, thus causing disruption of the mitochondrial membrane potential, release of mitochondrial cytochrome *c* (cyt *c*) and induction of apoptosis ([@b19-ol-0-0-4601]).

CecropinXJ, a polypeptide composed of 33 amino acid residues, is a cationic AMP isolated from the larvae of *Bombyx mori* ([@b20-ol-0-0-4601]). CecropinXJ exhibits 98% homology with cecropin B ([@b20-ol-0-0-4601]). In the present study, the cecropinXJ gene was cloned into the pYES2/CT/α-Factor expression vector, and expressed in *Saccharomyces cerevisiae* ([@b21-ol-0-0-4601]).

CecropinXJ was previously demonstrated to exhibit various antibacterial activities ([@b22-ol-0-0-4601]). In addition, previous studies have reported that cecropinXJ is able to inhibit the proliferation and induce the apoptosis of tumor cells ([@b23-ol-0-0-4601]), although its antitumor mechanism remains unclear. In the present study, the cytotoxicity and mechanism of cecropinXJ against the human HCC cell line Huh-7 was investigated. The results revealed that cecropinXJ suppressed the proliferation and induced the apoptosis of Huh-7 cells *in vitro* through mitochondrial apoptosis pathways, suggesting that cecropinXJ is a potential anticancer drug.

Materials and methods
=====================

### Preparation of the AMP cecropinXJ and reagents

CecropinXJ of B. mori was prepared using the S. cerevisiae eukaryotic pYES2/CT/α-Factor expression system (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and purified with Ni-nitrilotriacetic acid agarose, as previously reported ([@b21-ol-0-0-4601]). The concentration of purified recombinant cecropinXJ protein was determined with a Bradford protein assay kit (BioTek China, Beijing, China). Prior to use, the peptide was dissolved in Dulbecco\'s modified Eagle\'s medium (DMEM) (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) at a concentration of 50 mmol/l, and sterilized by filtration through a 0.22-µm filter.

Fetal bovine serum (FBS) was obtained from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA), while dimethyl sulfoxide (DMSO) was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was acquired from, 3,3′-dihexyloxacarbocyanine iodide \[DiOC~6~([@b3-ol-0-0-4601])\] was obtained from Sigma-Aldrich (St. Louis, MO, USA), cell cycle staining solution was purchased from Multi Sciences (Lianke) Biotech Co., Ltd. (Hangzhou, China) and Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining apoptosis detection kit was acquired from BestBio (Shanghai, China). Monoclonal rabbit anti-caspase 3 (\#9664), monoclonal rabbit anti-poly(ADP-ribose) polymerase (PARP; \#9532), monoclonal rabbit anti-cytochrome c (\#11940), monoclonal mouse anti-B-cell lymphoma 2 (Bcl-2; \#15071), monoclonal mouse anti-Bcl-2-associated death promoter (Bad; \#9296), monoclonal rabbit anti-Bcl-2-associated X protein (Bax; \#14796), monoclonal rabbit anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; \#2118) (dilution, 1:1,000) were all obtained from Cell Signaling Technology, Inc., Danvers, MA, USA. CytoBuster™ protein extraction reagent was purchased from Novagen (Merck Millipore, Darmstadt, Germany), bicinchoninic acid (BCA) assay kit was acquired from Beyotime Institute of Biotechnology (Haimen, China) and enhanced chemiluminescence detection kit was obtained from CWbio. Co. Ltd. (Beijing, China).

### Cell culture

The human HCC cell line Huh-7 was purchased from the Chinese Academy of Medical Sciences (Beijing, China). Cells were cultured in DMEM supplemented with 10% FBS, 100 µg/ml streptomycin and 100 U/ml penicillin in a humidified atmosphere of 5% CO~2~ in air at 37°C.

### Cell viability assay

To evaluate the effects of cecropinXJ on the proliferation of Huh-7 cells, cell viability was measured by MTT assay. Huh-7 cells in the logarithmic phase of growth were collected, seeded in 96-well plates at a density of 2×10^3^ cells/well and cultured overnight. Following 24 h, Huh-7 cells were treated with or without cecropinXJ at various concentrations (1, 5, 10 and 50 µmol/l) for 0, 24, 48, 72, 96 and 120 h. Bovine serum albumin (10 µmol/l; Beijing Solarbio Science & Technology Co., Ltd.) served as a negative control, while 10 µmol/l cisplatin (Beijing Solarbio Science & Technology Co., Ltd.) served as a positive control. Upon incubation, the culture medium was removed, and 100 µl MTT solution (5 mg/ml) was added to each well, followed by incubation at 37°C for 4 h. Then, 150 µl DMSO was added to each well, and the plates were incubated at 37°C for additional 10 min. Absorbance was measured at 540 and 655 nm using a 96-well microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and the ratio of optical density (OD)~540/655~ was determined. Cell viability (%) was calculated as (OD~treatment~-ODblank)/(ODcontrol-ODblank) × 100.

### Cell cycle analysis of cecropinXJ effects on Huh-7 cells by flow cytometry

Huh-7 cells at 5×10^5^ cells/ml were inoculated into 100-mm dishes and incubated at 37°C for 24 h. Once the medium had been removed, cells were treated for 24 h with cecropinXJ at a final concentration of 5, 10 and 50 µmol/l. Untreated cells served as the control. Upon culture, both floating and adherent cells were collected, washed with cold phosphate-buffered saline (PBS; Beijing Solarbio Science & Technology Co., Ltd.) (pH 7.4) and fixed with 75% ethanol overnight at −20°C. Cells were then treated with DNA staining solution at 37°C in the darkness for 30 min. Samples were analyzed by fluorescence-activated cell sorting (FACS) with a flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Cell cycle analysis was performed using the ModFit LT™ 3.0 DNA analysis software (Verity Software House, Inc., Topsham, ME, USA).

### Apoptosis rate determined by flow cytometry

Huh-7 cells at 5×10^5^ cells/ml were inoculated into 60-mm dishes and incubated at 37°C for 24 h. Upon removal of the medium, 2 ml complete DMEM with cecropinXJ at a final concentration of 5, 10 and 50 µmol/l was added to each dish, and cells were incubated for 12, 24 and 48 h. Untreated cells served as the control. Subsequently, cells were collected following digestion with 0.25% trypsin, washed with PBS (two times) and suspended in 400 µl binding buffer. Cell suspensions were stained with 5 µl Annexin V-FITC and 10 µl PI, according to the manufacturer\'s protocol, prior to be subjected to flow cytometry analysis in a (BD Biosciences). The results are presented as the percentage of Annexin V+ cells (mean ± standard error).

### Measurement of the mitochondrial membrane potential (Δψ~m~)

Changes in the Δψm during apoptosis were measured using DiOC~6~([@b3-ol-0-0-4601]), which is a lipophilic cationic dye. Huh-7 cells (5×10^5^ cells/ml) were cultured in 100-mm dishes in the absence or presence of cecropinXJ for 24 h at a concentration of 0, 5, 10 and 50 µmol/l. Subsequently, cells were incubated with 40 nmol/l DiOC~6~([@b3-ol-0-0-4601]) for 15 min at 37°C. Cells were then washed twice in PBS and fluorescence was measured using a fluorescence spectrophotometer with an excitation wavelength of 482 nm and an emission wavelength of 504 nm.

### Western blotting

Huh-7 cells were incubated with 0, 1, 5, 10 and 50 µmol/l cecropinXJ for 24 h, followed by two washes with ice-cold PBS. The adherent and floating cells were next harvested and lysed in 100 µl CytoBuster™ protein extraction reagent on ice for 15 min. Following centrifugation at 12,000 rpm 4°C for 10 min, the protein concentration of the supernatant was determined by BCA assay. The protein lysates (40 µg/lane) were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred onto nitrocellulose membranes. Upon being washed with Tris-buffered saline and Tween 20 (TBS-T) buffer (20 mM Tris-HCl, 150 mM NaCl and 0.05% Tween 20), the membranes were blocked with 5% skimmed milk at room temperature for 1 h, and then incubated with the aforementioned primary antibodies (1:2,000) overnight at 4°C. Subsequently, membranes were washed with TBS-T and incubated with the corresponding HRP-conjugated secondary antibodies for 2 h at room temperature. Upon washing with TBS-T, the membranes were exposed using an ECL detection kit (CWbio. Co. Ltd.). Proteins were visualized using the Odyssey^®^ CLx Imaging system (Li-Cor, Lincoln, NE, USA).

### Statistical analysis

All results were confirmed in ≥3 independent experiments. Data are expressed as the mean ± standard deviation. Differences between two sample means were assessed by Student\'s t test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### CecropinXJ suppressed Huh-7 cell proliferation and decreased cell viability

The results of MTT assay revealed that B. mori cecropinXJ inhibited the proliferation of Huh-7 cells in a dose- and time-dependent manner. CecropinXJ treatment for 24 h suppressed the growth of Huh-7 cells, and this inhibitory effect was enhanced by increasing concentrations of cecropinXJ. CecropinXJ at a concentration of 50 µmol/l significantly inhibited the proliferation of Huh-7 cells, with an inhibitory rate of ≤53% (P\<0.05). Furthermore, the inhibition effects of 50 µmol/l cecropinXJ on Huh-7 cells was similar to those caused by 10 µmol/l cisplatin ([Fig. 1](#f1-ol-0-0-4601){ref-type="fig"}).

### Detection of tumor cell apoptosis rate by flow cytometry

Since cell viability was significantly inhibited by cecropinXJ, it was critical to determine which type of cell death was induced by this AMP in Huh-7 cells (P\<0.05). For that purpose, an Annexin V/PI assay. Flow cytometry assay with Annexin V/PI double staining revealed that cecropinXJ induced Huh-7 cell apoptosis. The apoptosis rate increased, whereas the number of necrotic cells did not significantly increase with cecropinXJ concentration or time. CecropinXJ treatment (5--50 µmol/l) for 24 h increased Huh7 cell apoptosis at both early and late stages, in a dose-dependent manner. The percentage of total apoptotic cells significantly increased from 3.76±0.53% (untreated) to 15.24±0.31% at 5 µmol/l cecropinXJ, 23.13±0.26% at 10 µmol/l cecropinXJ and 44.77±0.42% at 50 µmol/l cecropinXJ ([Fig. 2](#f2-ol-0-0-4601){ref-type="fig"}). Furthermore, the number of apoptotic cells increased with 10 µmol/l cecropinXJ treatment for 12 h, and was significantly elevated at 24 h (P\<0.05) ([Fig. 2](#f2-ol-0-0-4601){ref-type="fig"}). This result indicated that cecropinXJ induced apoptotic cell death in Huh-7 cells.

### Cell cycle analysis of cecropinXJ on Huh-7 cells by flow cytometry

Flow cytometry was used to determine the effects of cecropinXJ on cell cycle distribution ([Fig. 3](#f3-ol-0-0-4601){ref-type="fig"}). Upon treatment with cecropinXJ for 24 h, the percentage of S-phase cells was significantly higher in the treated group than in the control group (P\<0.05). These results suggested that cecropinXJ arrested the cell cycle at the S phase *in vitro*.

### CecropinXJ caused the loss of the Δψ~m~ and the release of cyt c in Huh-7 cells

Since the loss of the Δψm acts as a key regulator in the intrinsic apoptosis pathway ([@b24-ol-0-0-4601]), it was next examined whether the Δψm was affected by cecropinXJ ([Fig. 4](#f4-ol-0-0-4601){ref-type="fig"}). The mean fluorescence intensity of cells treated with 5, 10 and 50 µmol/l cecropinXJ for 24 h decreased to 658.17±44.57, 350.07±52.23 and 147.27±23.99, respectively, compared with the untreated control (1,196±76.12) ([Fig. 4B](#f4-ol-0-0-4601){ref-type="fig"}). CecropinXJ also induced the release of cyt *c* into the cytosol ([Fig. 4C](#f4-ol-0-0-4601){ref-type="fig"}) and triggered the intrinsic apoptosis pathway. This suggests that cecropinXJ may initiate apoptosis through depolarization of the Δψm.

### CecropinXJ induced caspase-dependent apoptosis and regulated the expression of Bcl-2-family proteins in Huh-7 cells

To further investigate whether cecropinXJ induced apoptosis in Huh-7 cells through the caspase-dependent pathway, the present study investigated whether caspase-3 and PARP were cleaved in cecropinXJ-treated cells. According to the results of western blot analysis, the above enzymes were cleaved in a dose-dependent manner ([Fig. 5](#f5-ol-0-0-4601){ref-type="fig"}), indicating that cecropinXJ induced caspase-dependent apoptosis in the Huh-7 HCC cell line. Bcl-2-family members are important in the mitochondrial pathway of apoptosis, and are divided into pro- and anti-apoptotic family members, according to whether they promote or inhibit apoptosis ([@b25-ol-0-0-4601]). As indicated in [Fig. 5](#f5-ol-0-0-4601){ref-type="fig"}, the pro-apoptotic proteins Bad and Bax were upregulated, whereas the anti-apoptotic protein Bcl-2 was downregulated, following treatment with cecropinXJ.

Discussion
==========

AMPs are a kind of small peptides that specifically interact with membranes and affect the proliferation and apoptosis of various tumor cells ([@b26-ol-0-0-4601],[@b27-ol-0-0-4601]). AMPs have gained great attention due to their antitumor effects ([@b28-ol-0-0-4601]). Since Moore *et al* ([@b29-ol-0-0-4601]) first discovered the antitumor activity of cecropin B against mammalian cancer cells, other studies have reported the cyototoxicity of cecropin-family members on gastric, bladder, liver and other types of cancer cells, but without causing damage to human normal cells ([@b30-ol-0-0-4601]). Thus, cecropins may be good candidates for the development of antitumor agents. In recent years, a number of studies have reported that AMPs could inhibit the growth of HCC, including *Musca domestica* cecropin ([@b12-ol-0-0-4601]), melittin ([@b31-ol-0-0-4601]) and PR-39 ([@b32-ol-0-0-4601]). In the present study, cecropinXJ inhibited the proliferation of Huh-7 cells, and the inhibitory rate of 50 µmol/l cecropin on HCC was 36.6±0.1%, which was higher than that of *M. domestica* cecropin ([@b12-ol-0-0-4601]).

Previous studies have demonstrated that antitumor drugs generally inhibit tumor proliferation through the induction of apoptosis in sensitive tumor cells, and their antitumor effects are associated with the drug-induced activation of apoptosis in the tumor cells. Therefore, the induction of apoptosis to treat tumors has become a novel target for the development of antitumor drugs, and constitutes a novel direction in tumor pharmacology research. In the present study, flow cytometry revealed that cecropinXJ induced apoptosis in Huh-7 HCC cells.

The mechanism of cecropins-induced apoptosis *in vitro* has been previously reported ([@b11-ol-0-0-4601]). Cecropin A, a 37-residue linear AMP produced by the cecropia moth, is able to induce apoptosis in HL-60 cells through a signaling mechanism that is mediated by the mitochondria but is independent of caspase activation ([@b19-ol-0-0-4601]). In the present study, the Δψ~m~ decreased following cecropinXJ treatment, which also resulted in the release of cyt *c* into the cytoplasm of Huh-7 cells, suggesting that cecropinXJ-mediated apoptosis may be associated with mitochondrial dysfunction. To further understand the mechanism of cell apoptosis mediated by cecropinXJ, its effects on the expression of caspase-family and Bcl-2-family proteins were examined. The results indicated that caspase-3 and PARP were cleaved, while Bad and Bax were upregulated and Bcl-2 was downregulated in a time-dependent manner, indicating that cecropinXJ induced caspase-dependent apoptosis in the Huh-7 HCC cell line. These findings suggested the existence of a common pathway that involves the activation of the family of proteolytic enzymes known as caspases ([@b33-ol-0-0-4601]). One of the pathways that lead to caspase activation is triggered by cyt *c*, following its release from the mitochondria into the cytoplasm, which is called the 'intrinsic' pathway of apoptosis ([@b34-ol-0-0-4601]). Bcl-2 blocks the release of cyt *c* from the mitochondria ([@b35-ol-0-0-4601]), suggesting that the mitochondria are the principal sites for apoptotic regulation by the Bcl-2 family.

In conclusion, the present study has demonstrated that cecropinXJ possesses antitumor activity against human HCC Huh-7 cells *in vitro*. The mechanism of cecropinXJ-induced apoptosis involves the loss of the Δψ~m~, the release of cyt *c* from the mitochondria and the activation of caspase-3 and PARP, which suggests that cecropinXJ induced cell apoptosis possibly via the mitochondrial pathway. Therefore cecropinXJ may be a potential candidate for the treatment of HCC.
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![Effects of different concentrations of cecropinXJ and incubation times on the viability of treated Huh-7 cells. The results are expressed as the mean ± standard deviation of three independent experiments. BSA, bovine serum albumin; DDP, cisplatin.](ol-12-01-0057-g00){#f1-ol-0-0-4601}

![CecropinXJ induced apoptosis in Huh-7 cells. Huh-7 cells were treated with (A) different concentrations of cecropinXJ (0, 5, 10 and 50 µmol/l) for 24 h, or with (B) 10 µmol/l cecropinXJ for 0, 12, 24 and 48 h. Cells were stained with Annexin V-fluorescein isothiocyanate and propidium iodide, and analyzed by fluorescence-activated cell sorting. The number of apoptotic cells (Annexin V^+^) was indicated as the percentage of gated cells. (B) The percentage of apoptotic cells was expressed as the mean ± standard deviation of triplicate samples. FITC fluorescein isothiocyanate, PI, propidium iodide.](ol-12-01-0057-g01){#f2-ol-0-0-4601}

![CecropinXJ arrested the cell cycle of Huh-7 cells at the S phase. Huh-7 cells were treated with different concentrations of cecropinXJ (0, 5, 10 and 50 µmol/l) for 24 h. (A) Subsequently, cells were stained with DNA staining solution, and analyzed by fluorescence-activated cell sorting. (B) The percentage of cells in the G~0~/G~1~, S and G~2~/M phases of the cell cycle was expressed as the mean ± standard deviation of triplicate samples. \*P\<0.05 and \*\*P\<0.01. Dip, diploid; Anl, aneupl.](ol-12-01-0057-g02){#f3-ol-0-0-4601}

![CecropinXJ caused the loss of the Δψ~m~ and the release of cyt *c*. Huh-7 cells treated with 5, 10 and 50 µmol/l cecropinXJ for 24 h were trypsinized to evaluate the Δψ~m~ by 3,3-dihexyloxacarbocyanine iodide staining. (A) The counts represent the percentages of cells with depolarized mitochondria. The results of a representative experiment are shown. (B) Data are presented as the mean ± standard deviation of the percentage of cells that retained polarized mitochondria from three different experiments. Statistical analyses indicated a significant (\*\*P\<0.01 vs. 0 µmol/l cecropinXJ) decrease in the number of cells with depolarized membrane following cecropinXJ treatment (C) Western blot analysis of cyt *c* release following treatment of cells with 0, 1, 5, 10 and 50 µmol/l cecropinXJ for 24 h. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Δψ~m~, mitochondrial membrane potential; cyt *c*, cytochrome *c*.](ol-12-01-0057-g03){#f4-ol-0-0-4601}

![Western blot analysis of the activation of apoptosis-related enzymes and expression of proteins of the Bcl-2 family. Huh-7 cells were treated with 0, 1, 5, 10 and 50 µmol/l cecropinXJ for 24 h, and their cellular extracts were analyzed by western blotting for detection of the cleaved forms of caspase-3 and poly(ADP-ribose) polymerase, and the expression levels of Bcl-2, Bcl-2-associated death promoter and Bcl-2-associated X protein, in order to evaluate whether cecropinXJ induced cell apoptosis through the caspase-dependent pathway. Glyceraldehyde 3-phosphate dehydrogenase was used as an internal control. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PARP, poly(ADP-ribose) polymerase; Bcl-2, B-cell lymphoma 2; Bad, Bcl-2-associated death promoter; Bax, Bcl-2-associated X protein.](ol-12-01-0057-g04){#f5-ol-0-0-4601}
